1. Introduction {#s0005}
===============

5-Fluorouracil (5-FU) is used as anticancer medicine in the treatment of many diseases topically like actinic keratosis and non-melanoma skin cancers ([@b0290], [@b0270], [@b0260]). But the major problem of this drug is lowest optimal delivery due to its poor permeability from the conventional dosage forms like creams and ointments to achieve the therapeutic concentration ([@b0210], [@b0215]). There is various skin diseases named as cutaneous premalignant or malignant lesions, psoriasis, and basal cell carcinoma located in the dermis, epidermis, and more deep in the skin layers. It required higher amount of drug delivery in the dermis and epidermis ([@b0160]). Some commercial formulations like Efudex®, Efudix®, Carac®, and Fluoroplex are available for 5-FU topical application as creams or solutions (upto 0.50% 5-FU concentration) to take once-everyday for topical delivery. These commercial preparations have a drawback to a very little retention time when it applied on the site of delivery followed by a low permeation of skin and their retention ([@b0155]). These topical commercial preparations have other complications like skin irritation, dryness, redness, burning pain, and swelling. These types of reactions may be extended on for more than two weeks ([@b0045]). Though, 5-FU is extremely soluble in water but very poorly permeable containing a very little logP (--0.890). Hence, deep penetration in the skin is very complicated to attain the conventional formulations ([@b0175]).

Topical route is the most common route to deliver the drug directly at the specific site for the treatment of skin cancers locally. Topical route of drug delivery is a non-invasive delivery as compared to parenteral delivery. In addition to via this route we can reduce the systemic toxicities related with the anti-cancerous drugs ([@b0210]). Marketed 5-FU oral formulations do not exist because of their serious side effects and very low systemic bioavailability. 5-FU showed hydrophilic property; therefore, it is not permeated through dermally or transdermally human stratum corneum which showed the highly lipophilic characteristics. Hence, various efforts have been applied through like microemulsions ([@b0120], [@b0110]), transferosomes ([@b0050]), ethosomes ([@b0295]), niosomes ([@b0090], [@b0050]), liposomes ([@b0050], [@b0255]), nanoparticles ([@b0300], [@b0085]), phonophoresis ([@b9000]), iontophoresis ([@b0115]; [@b9005]), electroporation ([@b0115]) and chemical enhancers used ([@b0240], [@b0150]) have been prepared to enhance 5-FU bioavailability via the transdermal or topical delivery. On the basis of previous reports, microemulsions and nanoemulsions based on oily preparations contains several advantages in comparison to suspensions and emulsions increased solubilization, increased permeation, increased bioavailability with enhanced thermodynamic stability to the delivery of transdermal or topical applications for various lipophilic drugs ([@b0250], [@b0105], [@b0135], [@b0005], [@b0010], [@b0015]). Hydrophilic drugs via transdermal or topical delivery have not been evaluated through nanocarriers i.e. based on oily preparations ([@b0120], [@b0110]).

Hence, the main objective of proposed research is to develop and evaluate a novel w/o nanoemulsions of BCS class III drug i.e. 5-FU using nontoxic, non-ionic with their combination of low HLB surfactant for the treatment of skin cancer through topical delivery. The another aim of this current research have also focused to prepare and compare the effects of the carbopol based 5-Fluorouracil-loaded-nanoemulsion-gel (5-FU-NE-Gel) and 5-FU-NE on melanoma cell lines and the permeation of different skin (i.e. cow, goat, and rats) model studies to determine the penetration and retention of 5-FU concentration. Surgically removed human skin is considered as the "gold standard" for the *ex vivo* penetration study and related with the risk in evaluation of human deep skin layers. But, it is very difficult to collect the human skin on time and also there is a problem in availability with their variations along with samples because of variances in different gender, age, race, and also on anatomical site of the donor ([@b0070], [@b0075], [@b0220], [@b0190], [@b0225], [@b0265], [@b0125]). Various models for animal skins from different mammals, reptiles, and rodents have been developed as a substitute for human skin ([@b0280].; [@b0275]). The ethical approval is very essential for the primate research and also restricted. Therefore, we selected cow and goat ear-skin samples for our research study to evaluate the permeation study and it is collected as a waste from slaughter house.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

5-Fluorouracil was obtained from Chem-Impex International, Inc. Milli-Q-water purification system (ELGA, Made in UK) was used for purification of water i.e. Milli-Q-water. Tween 80, PEG, and other surfactants were bought from Sigma Aldrich. Methanol, ethanol, and acetonitrile (i.e. LC-MS--grade having purity) were bought from Fluka, Sigma Aldrich. Carbopol Smart Polymers was purchased from Bonnymans, solutions for a clean tomorrow, USA (Bar Code: 5159641032).

2.2. Screening of excipients for the preparation of nanoemulsion {#s0020}
----------------------------------------------------------------

The solubility of 5-FU and their stability in nanoemulsion is very important for the use and selection of excipients i.e. co-surfactant, surfactant, and oils. Isopropyl myristate, lauroglycol, Capryol 90, oleic acid, castor oil, arachis oil, and olive oil were chosen as oils. The selection of oils based on easily availability and biodegradability were selected. Tween-20, Span-80, Labrasol®, Isopropyl Alcohol, Tween-80, Tween-60 and PEG-400 were selected as surfactants. In the vials (5.0 ml capacity) have taken oil (2.0 ml) followed by adding maximum amount of 5-FU and mixed it properly with the help of vortex mixer for the optimization of oil ([@b0005], [@b0010]). All the samples were centrifuged at 3000.0 rpm for 15.0 min. 5-FU concentration was measured at 266.0 nm in the all above mentioned oils by UV-Spectrophotometer. The selection of surfactant was performed on the basis of addition of selected oil (4.0 ml) mixed with the surfactant solution (2.50 ml, 15.0% v/v surfactant in water) with the help of vortex mixer ([@b0005], [@b0010]). The mixing was continued awaiting a transparent-clear solution was found. The optimization of co-surfactant was performed in the same way.

Based on highest solubility, pharmaceutical acceptability, nonirritating property, without toxicity, safety and high potential class of constituent, castor oil was selected as the oil phase for preparation of NE. The surfactants were selected on the basis of nonionic property, highest solubility and their safety. The selected surfactants and cosurfactant are Transcutol-HP and PEG-400 respectively. Milli-Q-water was taken as aqueous phase for the preparation of nanoemulsions.

2.3. Pseudo-ternary phase diagrams evaluations and the development of novel nanoemulsions {#s0025}
-----------------------------------------------------------------------------------------

Different types of nonionic surfactant were selected to prepare the w/o nanoemulsion through the spontaneous emulsification technique. Transcutol-HP (surfactant) and PEG-400 (cosurfactant) were formulated in various weight ratios from one is to zero (1:0) to three is to one (3:1). In the Smix ratio, deionized water was added at a certain point after that oil was added drop by drop until the transparent and clear formulation was found. All diagrams of pseudo-ternary phase were prepared to determine the transparent and clear area (NE-area) ([Fig. 1](#f0005){ref-type="fig"}a to 1D) ([@b0005], [@b0010]). The selections of various formulations is based on solubility of 5-FU in water phase and lowest amount of surfactant and cosurfactant from the every-phase diagrams. 5-FU (1.0% w/w, 10.0 mg/g) was mixed properly in the water and a particular quantity of surfactant and cosurfactant were also added with the help of agitation. Oil is added to develop an oil phase as per the requirement upto the transparent and clear formulation. All these developed formulations were shown in [Table 1](#t0005){ref-type="table"}.Fig. 1Solubility of 5-FU determined in different types of oils and surfactants.Table 1Formulation components of nanoemulsions of 5-FU (FU-NE1--FU-NE9) prepared using Castor Oil (Oil Phase), PEG-400(co-surfactant), Transcutol-HP (Surfactant) and deionized water (Aqueous Phase).Composition of Formulation (% w/w)Code for FormulationCastor OilTranscutol-HPPEG-400WaterS~mix~ ratioFU-NE1502020101 : 1FU-NE2452020151 : 1FU-NE3402713201 : 1FU-NE4502713102 : 1FU-NE5452713152 : 1FU-NE6303416202 : 1FU-NE7502911103 : 1FU-NE8452911153 : 1FU-NE9303713203 : 1

2.4. Thermodynamic stability tests {#s0030}
----------------------------------

Various thermodynamic stability evaluations were performed on the newly prepared NEs and the unstable and metastable preparations were also eliminated ([@b0005], [@b0010], [@b0015], [@b0020]). For the evaluation of any phase separation, cracking, creaming, coalescence, all the prepared formulations were centrifuged at 4500 rpm for 30.0 min. On the basis of centrifugation results, we have evaluated the stable formulations and these formulations were again tested for the heating and cooling cycles. We have taken 6-cycles at the temperature between 4.0 °C and 45.0 °C and stored all samples for forty eight hours at every different-temperature. On the basis of heating and cooling cycle's results, all the formulations were selected on their stability and performed again freeze--thaw cycles test for these selected formulation. All the samples were stored at the temperature in-between --21.0 ± 0.50 °C and 20.0 ± 0.50 °C for the 3-cycles for 24.0 h. For more characterization and evaluation, we have taken thermodynamically stable preparations only.

2.5. Newly developed-nanoemulsions characterization {#s0035}
---------------------------------------------------

The main parameters were selected i.e. globule size, PDI (polydispersity index), ZP (zeta potential), RI (refractive index), and viscosity for the characterization of newly-developed-NEs. Malvern Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) was used to characterize NEs in terms of globule size, PDI, and ZP. Scattering angle was examined in between 90.0° at 20.0 ± 1.0 °C for the scattering of the light. In the acrylic-square-cell; each newly-developed-NE has taken near-about 3.0 ml for the measurement of the globule-size and PDI. For the determination of ZP, glass cells were used for the analysis of the samples. Analysis of shape and their texture of optimized-NEs globule, SEM (Zeiss EVO40; Carl Zeiss, Cambridge, UK) and TEM (Morgagni 268D; FEI Company, Hillsboro, OR) were used ([@b0015], [@b0020], [@b0025]).

2.6. Preparation of 5-FU-NE-base-gel {#s0040}
------------------------------------

Carbopol 934 (1.0 g) was taken for the preparation of 5-FU-NE-base-gel followed by the addition of enough amount of double-distilled-water. When, the dispersion was complete. Carbopol-934 solution was kept to swell totally in the dark at least for 24.0 h. Now, optimized-5-FU-NE was added slowly-slowly in the Carbopol 934 viscous solution with the help of magnetic stirring ([@b0030]). The pH was maintained in-between 6.0 and 9.0 to achieve a homogeneous dispersion gel.

2.7. DSC (Differential scanning calorimetry) analysis {#s0045}
-----------------------------------------------------

The solubilization and entrapment of the 5-FU in the NE and developed-gel was also evaluated by the DSC 214 Polyma (NETZSCH‑Wittelsbacherstraße 42, 95,100 Selb, Germany. This analysis were performed on the basis of 5-FU, castor oil, Transcutol HP, PEG-400, optimized-5-FU-NE, Carbopol, and optimized-5-FU-NE-Gel evaluation. An empty pan was used as standard and the sample was taken 10.0 mg in the pan. For the analysis of samples, we have selected the 20.0 °C to 400.0 °C temperature range. This range was based on the 10.0 °K/minutes increase the temperature through the nitrogen flow (60.0 ml/min) ([@b0015], [@b0005]). For the data-analysis; we used the DSC 214 Polyma (NETZSCH---PROTEUS---70, Germany) software.

2.8. FT--IR study with the help of ATR for the interactions of 5-FU and other excipients {#s0050}
----------------------------------------------------------------------------------------

Functional groups of the 5-FU with excipients interaction, chemical structure compounds, and their composition were evaluated by FT-IR based ATR (NICOLET iS50 FT-IR; Thermo Fisher Scientific, 5225 Verona Road, Madison, WI 53711, USA). The IR--spectra of pure 5--FU, castor oil, PEG-400, Transcutol HP, 5-FU-NE, and 5-FU-NE-Gel were examined through an attenuated total reflectance (4000--400 cm^−1^ wavenumber range of ATR). Pure 5--FU, castor oil, PEG-400, Transcutol HP, 5-FU-NE, and 5-FU-NE-Gel were directly analyzed without any special preparation.

2.9. Release study of 5-FU (*In vitro*) {#s0055}
---------------------------------------

Release study of 5-FU from optimized--NE was carried out by the dialysis membrane (treated before) (pore size: 2.4 nm--molecular--weight cut--off ∼12--14 kD) ([@b0245], [@b0015], [@b0020], [@b0025]). First we prepared the release medium (phosphate buffer; pH: 7.4 = 1.0 L). The temperature was maintained at 37.0 ± 1.0 °C with the help of stirrer upto 6 h at 1 rcf. Finally, the dialysis bag was properly checked for any leakage and it was placed inside 5-FU-NE (containing 0.50 mg 5-FU). For the 5-FU--release study from the 5-FU-NE selected predetermines selected time points (i.e. 30, 60, 120, 240, 360, 480, 720, 1440 min). At every time point, we have withdrawn the test samples (1.00 ml). All these test samples were filtered first by syringe filter (0.450 μm) first after that 5-FU quantity was analysed by the in-house developed-UHPLC-MS/MS-method.

2.10. Refractive index (RI) and viscosity {#s0060}
-----------------------------------------

Viscosity and RI tests were carried out on the basis of Ahmad et al. method ([@b0015], [@b0020], [@b0025]).

2.11. Stability studies for 5-FU-NE3 {#s0065}
------------------------------------

Physical stability studies were performed for the selected FU-NE3 on the basis of transdermal permeation data and physicochemical characterization. In this test, FU-NE3 test samples were kept at 4.0 °C (refrigerator temperature). Different types of physicochemical parameters i.e. RI, viscosity, ZP, PDI, and droplet size were evaluated at 0, 30, 60, and 90 days. In this way NE-characterization were performed.

2.12. 5-FU permeation evaluation on different skin {#s0070}
--------------------------------------------------

Ear pinna Skin from Goat and cow were taken and also swiss albino rat full thickness skins (CGR Skin) have been used for the permeation studies. All the skins were cleaned with cold water followed by the removal of non-dermatome skin by the scalpel. Optimized-nanoformulations i.e. FU-NE3, 5-FU-NE3-Gel and 5-FU-saturated aqueous solution was performed on a Franz diffusion cells (0.785 cm^2^ diffusional area) and receiver chamber (∼12.0 ml capacity) for the *ex vivo* permeation on different animal's skin (cow, goat, and rat: CGR). *Ex vivo* permeation studies were performed on the automated Logan transdermal diffusion cell sampling system (DHC-6T, Logan Instrument Corporation, Avalon, NJ). Researchers have taken the IRB approval from the IRB ethical committee of Imam Abdulrahman Bin Faisal University to conduct this research study with ethical approval number IRB-UGS-2019-05-379. Phosphate buffer saline (PBS, 12.0 ml, 7.4-pH) filled in the receptor compartment followed by the stirred with a magnetic bar. The receptor compartment was maintained a constant temperature (37.0 ± 1.0 °C). DHC-6T instrument was washed and stabilized for 10.0 min. After stabilization, 1.0 g of FU-NE3 and 5-FU-NE3-Gel nanoformulation (10.0 mg g^−1^ 5-FU) or 1.0 g of saturated aqueous solution (10.0 mg/g) was kept into every donor compartment. 5-FU saturated aqueous-solution was taken as control to determine the enhancement factor (Ef). All the withdrawn samples were evaluated at sampling time points (1, 2, 4, 6, 8, 10, 12.0, and 24.0 h) by the automated sampler in the UHPLC-MS/MS vials and then again filtered through a 0.25 µm syringe filter into the fresh UHPLC vials. Analysis of all the samples were performed for the 5-FU permeated concentration through the in house developed and validated UHPLC-MS/MS-method.

2.13. Retention or deposition of 5-FU studies on the different animal's skin {#s0075}
----------------------------------------------------------------------------

Finally the permeation study was completed the surplus amount of formulation was washed properly and SC was cleaned through the striping with adhesive tape. The quantity of 5-FU was determined by cutting small pieces of remaining skin in the viable skin parts i.e. epidermis and dermis. Skin viable part and Tape strips were pooled in the phosphate buffer solution having pH = 7.40. For the evaluation of 5-FU from the extract, we have vortexed and sonicated the extract followed by centrifugation process.

For the quantification of the 5-FU, a UHPLC-MS/MS method was used. In the eppendorf tube, the sample was taken (90 µL) which was mixed properly with sodium DDTC solution (10.0 ml, 10% w/v) which was prepared in sodium hydroxide (0.1 N). We maintained the 37.0 °C temperature with the help of water bath upto 1.0 h for incubation of samples. All the samples were cooled with the help of ice-bath for the completing the processes i.e. 5-FU--DDTC chelates formation.

These chelates were extracted with 100.0 ml of chloroform by vortexing at maximal speed for 1 min and centrifuged at 5000 rpm for 5 min at 5 °C. The extraction of 5-FU--DDTC chelates was performed in the chloroform (100.0 ml) which was vortexed with high speed upto 1.0 min followed by centrifugation (5000 rpm) at 5.0 °C for 5.0 min. After that, 10.0 ml of the chloroform layer was taken and dried in Nitrogen evaporator. These mixtures were reconstituted with 750 µL mobile phase (Methanol: 5 mM Ammonium Formate::75:25) followed by vortexing. These reconstituted samples has been transferred into UHPLC-vials and injected to UHPLC-MS/MS analysis.

2.14. UHPLC-MS/MS analysis of 5-FU {#s0080}
----------------------------------

To develop a method, UHPLC--MS/MS i.e. Pinnacle DB C18 (1.9 µm; 50 × 30.0 mm) using a binary solvent manager autosampler with very sensitive and high resolution tunable mass detector (LCMS-8050, ESI, Triple Quadrupole, Japan), was used. Chromatographic conditions was used as a Pinnacle DB C18 (1.9 µm; 50 × 30.0 mm) were as; mobile phase (Methanol: 5 mM Ammonium Formate::75:25), flow rate (0.150 ml/min) and injection volume (10.0 µL). DDTC and DDTC--Platinum complex were eluted at 0.736 and 2.185 min respectively ([Fig. 9](#f0045){ref-type="fig"}).

2.15. Analysis of permeation studies on various animals' skins {#s0085}
--------------------------------------------------------------

Permeation of 5-FU was determined by the various animal's skin (cow, goat, and rat; µg/cm^2^) for every 5-FU-NE, 5-FU-NE-gel nanoformulation with control (5-FU-S). Steady state (Jss) for all types of skin, was calculated by permeability coefficient (Kp) multiplied with initial concentration of 5-FU (C~0~) in the donor compartment. The graph was plotted in-between cumulative 5-FU permeation (µg/cm^2^) with time (hours) through predetermined diffusion cell area. Er (enhancement ratio) and Kp (permeability coefficient) were determined by the use of Eqs. [(2)](#e0010){ref-type="disp-formula"}, [(1)](#e0005){ref-type="disp-formula"}, respectively ([@b0230]):$$Kp = \frac{J_{ss}}{C_{0}}$$$$Er = \frac{J_{ss}\mspace{900mu} of\mspace{900mu} formulation}{J_{ss}\mspace{900mu} of\mspace{900mu} control}$$

2.16. Various types of skins interaction studies {#s0090}
------------------------------------------------

Various types of skins (cow, goat, and rats) sections were used to evaluate the interactions due to the 5-FU permeation were estimated under the fluorescence microscope. 6-carboxyfluorescein i.e. a water soluble fluorescence probe was taken for different types of nanoformulations. All the animal's skin were washed with phosphate buffer solution (pH 7.40) which were kept in different franz diffusion cells and treated with separate prepared and optimized nanoformulations after the incubation i.e. 10.0 h (37.0 ± 1.0 °C). Different skin sections were cut with the help of cryostat microtome (25.0 mm thickness) followed by mounted with 6-carboxyfluorescein solution glass microscope slide and observed under the fluorescence microscope (ProgRes CP-SCAN, LASER OPTIC SYSTEM, USA).

2.17. Melanoma cell lines used for cytotoxicity studies {#s0095}
-------------------------------------------------------

Melanoma cell lines (SK-MEL-5, malignant) were used for *in vitro* cytotoxicity with their comparative effects of optimized-5-FU-NE3 and 5-FU-NE3-Gel with its aqueous solution and control. Optimized-NE3-Gel (i.e. Placebo without the drug: 5-FU) was used as control. WST-1 \[2-(4-iodophenyl)-3-(4- nitrophenyl)-5-(2, 4-disulfophenyl)-2H-tetrazolium\] assay was employed as to examine cytotoxic effects. RPMI-1640 cultured medium were used for the SK-MEL melanoma cells, fetal bovine serum (10.0% FBS), ABM (1.0% GIBCO), penicillin (100 IU/mL), streptomycin (100 mg/mL) and L-glutamine (2.0 mmol^−1^) at 37.0 °C in the atmosphere of 5% CO~2~. Various concentrations of 5-FU-S, NE3-Gel i.e. control, optimized-5-FU-NE3, and 5-FU-NE3-Gel were taken to replace with fresh medium in the same amount of volumes. WST-1 reagent (10.0 ml) was taken after 72.0 h for the re-incubation (for 4.0 h) of each and every plate at 37.0 °C. ELISA reader was used to determine the quantity of formazan at 450.0 nm.

2.18. Statistical evaluation {#s0100}
----------------------------

The entire results were evaluated as mean ± SD (n = 3). Characterization and optimization, skin permeation, and cytotoxicity studies were examined with statistics through the analysis of variance (ANOVA) using Student's *t* test to examine the significant differences.

3. Results and discussion {#s0105}
=========================

3.1. Screening of excipients {#s0110}
----------------------------

Based on reported literature, the solubility of water-soluble/hydrophilic drugs in the oil is also very important for the screening of excipients ([@b0040], [@b0055]). The proposed medicine i.e. 5-FU is water-soluble i.e. hydrophilic in nature. In the proposed plan w/o nanoemulsion, the internal phase is aqueous phase and it should be solubilized because it will comes in contact to medium i.e. easily soluble in the water based media ([@b0240]). Oil soluble-drugs i.e. lipophilic in nature, it is better to plan formulate the o/w nanoemulsion. On the other side, w/o system appears to be a very good selection for hydrophilic drugs. For the delivery of therapeutic dose, the amount of formulation must be reduced as much as possible. For the oil phase, the 5-FU solubility was very essential parameter in the oils. For the solubilization of 5-FU, surfactant and co-surfactant are also very important. For the development of nanoemulsions, 5-FU solubility was examined in the different types of oils, co-surfactants and surfactants are indicated in [Fig. 1](#f0005){ref-type="fig"}. Castor oil has been selected as oil-phase for the preparation of nanoemulsion due to the highest solubility in comparison other oils. 5-FU is soluble in water because of this to formulate the w/o nanoemulsion. The most important parameter is based on drug delivery related to the toxicity of the surfactants for the preparation of nanoemulsion. Huge quantity of surfactants may produce irritation to the skin via transdermally delivery. For the transdermally delivery, it is very important to examine the concentration of surfactants that should be use low amount at time of formulation of nanoemulsion. It is previously reported that Non‑ionic surfactants are more safe as compared to ionic surfactants ([@b0195], [@b0235]). Zwitterionic or Non-ionic surfactants are considered as highly safe in the pharmaceutical therapeutic purposes at the time of formulation development of nanoemulsions and also less influenced through pH anionic strength changes followed by doesn't cause any irritation to the skin. Generally, it is very difficult to obtain the required interfacial area in the use of only one surfactant. Although the use of co-surfactant at the time of development of formulation, it showed the additive effects of both surfactants. It will not adversely affect the absorption of drug to each-other. It is also observed that mixed micelle preparations do not decrease the present quantity of surfactant molecule concentration. The cosurfactant also knows as second amphiphile. We have selected the surfactant (Transcutol HP) and co-surfactant (PEG-400) on the basis of maximum solubility of 5-FU containing the nature of nonionic property and non-toxicity ([Fig. 1](#f0005){ref-type="fig"}) ([@b0235], [@b0165], [@b0185]). Another most important benefit is also here for the selection of Transcutol HP as a surfactant contained a very low HLB-value which will be more beneficial for the development of the w/o stable nanoemulsion development. Here, aqueous phase was taken as deionized water and it is more required as aqueous medium for the preparation of nanoemulsion ([@b0235]).

3.2. Pseudoternary phase diagrams preparation and their tests for thermodynamic stability {#s0115}
-----------------------------------------------------------------------------------------

The best optimized-nanoemulsion was characterized by their relationship between the phase behavior and all the components can be determined by pseudo-ternary phase diagram ([@b0170]). For each Smix ratio, pseudo-ternary phase diagrams was build separately in order that accurate regions of nanoemulsion (w/o) could be recognized ([Fig. 2](#f0010){ref-type="fig"}). Various nanoemulsions were formulated on the basis of pseudo-ternary phase diagrams ([Fig. 2](#f0010){ref-type="fig"}A to 2D) with the results of various thermodynamic stability tests. 5-FU (10.0 mg, 1.0% w/w) was dissolved in the water. Surfactant and cosurfactant (S~mix~) was mixed as per the required quantity in many ratios (3:1, 2:1, and 1:1) with added drop by drop in the oil phase until a clear and transparent formulation was found ([Table 1](#t0005){ref-type="table"}). Smix ratio (3:1) has shown lowest nanoemulsion area in the [Fig. 1](#f0005){ref-type="fig"}D. Highest solubility of oil was found in S~mix~ ratio (1:1) from the phase diagram ([Fig. 1](#f0005){ref-type="fig"}B). We added the cosurfactant with surfactant then area of nanoemulsion enhanced very fast. The nanoemulsion region for Smix ratio (2:1, in the [Fig. 1](#f0005){ref-type="fig"}C) was little bit increased but not more. The nanoemulsion area for Smix ratio of 1:0 ([Fig. 1](#f0005){ref-type="fig"}A) was reduced slightly in comparison of 1:1.Fig. 2Zones of Nanoemulsions (w/o) evaluated by pseudo-ternary phase diagrams in which deionized water is used as aqueous phase, castor oil (oil phase), Transcutol-HP (surfactant), and PEG-400 (cosurfactant) on the various concentrations of Smix ratios \[1:0 (A), 1:1 (B), 2:1 (C) and 3:1 (D)\].

For the removal of unstable and metastable formulations, all the prepared-NEs were tested for various thermodynamic stability parameters ([@b0235], [@b0015], [@b0020], [@b0025]). All the developed formulations tested for creaming, any phase separation, coalescence or cracking by the centrifugation at 4500.0 rpm for 30.0 min. The developed formulations passed the stability test by the centrifugation processes followed by the heating and cooling cycles. Refrigeration of 6-cycles at the selected temperature (4.0 °C) & 45.0 °C for 2-days were tested. The stability test passed formulations from heating and cooling cycle's tests that were chosen for freeze thaw cycles. For each temperature --21.0 °C and 20.0 °C, the 3-freeze-thaw-cycles were performed for 24.0 h. Thermodynamically stability test passed nanoformulations were taken for more characterization and their evaluation.

3.3. 5-FU-NEs characterization {#s0120}
------------------------------

All the physicochemical examination results for 5-FU-NE (FU-NE1 to FU-NE9) are shown in [Table 2](#t0010){ref-type="table"}. Thermodynamically stability test passed-formulations were more characterized by the globule-size, PDI, zeta potential, RI, and the viscosity. The optimized--5-FU-loaded-NE is further characterized by globule size i.e. very important. 5-FU-NE (FU-NE1 to FU-NE9) globule sizes were measured i.e. 66.97 ± 2.46 to 206.45 ± 7.98 nm as presented in [Table 2](#t0010){ref-type="table"}. FU-NE7 was showed largest globule-size it may be due to the maximum concentrations of oil i.e. 50% w/w followed by also higher surfactants concentration i.e. Smix (40.0% w/w) as presented in the [Table 2](#t0010){ref-type="table"}. FU-NE1 to FU-NE9 nanoemulsions showed the droplet size increased with increased in the oil concentration. FU-NE3 nanoformulation was showed the smallest globule size (66.97 ± 2.46 nm) that can be small quantity of oil concentration with optimum Smix surfactants concentration. FU-NE1 to FU-NE9 nanoformulations globule size enhanced with enhanced the surfactants and Smix ratio concentration. The uniformity of globules is also related with PDI of nanoformulation. The uniformity of globules is high with smaller the PDI value within the formulation. All the formulations showed the \< 0.452 PDI, it showed the uniformity of globule sizes within the formulations. FU-NE3 nanoformulation showed the smallest PDI value i.e. 0.216 ± 0.020 that means maximum uniformity of droplet sizes ([Table 2](#t0010){ref-type="table"}).Table 2Characterization of developed-Nanoemulsions.Code for FormulationGlobule Size (nm)PDIZeta Potential (mV)RI ± SDViscosity ± SD (cps)% TransmittanceFU-NE1121.39 ± 5.060.398 ± 0.029--28.361.601 ± 0.013109.57 ± 6.3296.64 ± 0.07FU-NE295.84 ± 3.670.318 ± 0.027--26.481.493 ± 0.03493.48 ± 4.0397.64 ± 0.06FU-NE366.97 ± 2.460.216 ± 0.020--21.631.362 ± 0.01252.31 ± 2.9899.54 ± 0.04FU-NE4183.83 ± 7.620.416 ± 0.036--29.011.789 ± 0.026119.63 ± 6.1994.26 ± 0.09FU-NE5151.70 ± 4.070.391 ± 0.026--28.101.534 ± 0.027110.03 ± 5.3295.67 ± 0.08FU-NE6139.66 ± 3.830.373 ± 0.020--25.791.498 ± 0.02497.75 ± 4.8794.54 ± 0.10FU-NE7206.45 ± 7.980.452 ± 0.041--29.651.830 ± 0.031123.47 ± 6.6992.67 ± 0.16FU-NE8176.56 ± 5.670.401 ± 0.032--28.721.593 ± 0.030112.81 ± 5.5893.94 ± 0.17FU-NE9159.02 ± 4.310.351 ± 0.026--27.131.451 ± 0.02199.34 ± 4.6995.84 ± 0.11[^1]

Zeta potential values of nanoemulsions FU-NE1 to FU-NE9 were found in the range of --29.65 to --21.63 mV. If the ZP values showing the range of ± 25.0 to --30.0 mV described as a stable nanoformulation ([@b0095], [@b0005]). 5-FU-Nanoemulsions (FU-NE1 to FU-NE9) determined the higher enhancement in the globule size as comparison to PDI that also displayed very less differences and higher uniformity of the distribution in globule size along with all the prepared formulations ([@b0005]). Total surface charge and their stability of the optimized-5-FU-NE is also determined by the zeta potential i.e. also very important. In the [Table 2](#t0010){ref-type="table"}, zeta potential values of optimized nanoformulations (FU-NE1 to FU-NE9) were determined −29.65 to --21.63 mV. The lowest zeta potential value was found in the 5-FU-NE7 i.e. − 29.65 mV. The maximum zeta potential value was observed in the 5-FU-NE7 i.e. −21.63 mV. There was also significant alteration seen in ZP values in-between from FU-NE1 to FU-NE3, FU-NE4 to FU-NE6, and FU-NE7 to FU-NE9 nanoemulsions (p \< 0.050). The developed-NEs were exhibited stability as physically & thermodynamically. If the ZP has showed negative values may be because of fatty acids and esters in the castor oil ([@b0005]). FU-NE1 to FU-NE9 optimized-nanoemulsions was observed the RI-range i.e. 1.362 ± 0.012 to 1.830 ± 0.031 ([Table 2](#t0010){ref-type="table"}). All the RI including FU-NE1 values were found very near to RI of castor oil (RI: 1.47--1.48) as external oil phase used to the formulation of NEs. All the mentioned RI-values are for the characterization of nature nanoemulsions like w/o of 5-FU-loaded-NEs. Dynamic light scattering (DLS) do not depend on the ZP for light scattering but it depends on the RIs followed by globule-size. In the [Table 2](#t0010){ref-type="table"} showed the data for the RIs i.e., 1.362 ± 0.012 to 1.830 ± 0.031 FU-NE1 to FU-NE9 and it designates not so much variations. RIs have not affected by light scattering and exhibited RIs very close to water (1.441) for FU-NE3. Thus, it is a sign of the transparent nature and water-in-oil (w/o) of FU-NE3 type behavior ([@b0060]). The viscosity of developed nanoemulsions (FU-NE1 to FU-NE9) was observed in the range of 52.31 ± 2.98 to 123.47 ± 6.69 cps ([Table 2](#t0010){ref-type="table"}). FU-NE3 viscosity was observed smallest 52.31 ± 2.98 cps in comparison of all formulations. It may be due to smaller castor oil concentration ([@b0005], [@b0010]).

If the quantity of the Smix has been increased, it showed that the viscosity of 5-FU-NE3 altered radically. So, the concentration of castor oil decreased from FU-NE1 to FU-NE3, FU-NE3 to FU-NE6, and FU-NE7 to FU-NE9 as same as according to the viscosity decreased radically ([Table 2](#t0010){ref-type="table"}). Furthermore, all FU-NE1 to FU-NE3, FU-NE3 to FU-NE6, and FU-NE7 to FU-NE9 as same as according to viscosity decreased with the reduction of oil concentration followed by same reduction in globule size of the prepared formulations([Table 2](#t0010){ref-type="table"}). So these parameters are very important to affect the viscosity of the 5-FU-NE by Smix and oil concentration. Alternatively, lower concentration of castor oil (40%) with the small globule size and water (20%) showed a very good effect on 5-FU-NE3 viscosity. At last, the minimum and highest viscosities were identified in the FU-NE3 (52.31 ± 2.98 cp) and FU-NE7 (123.47 ± 6.69 cp), respectively. The smaller value of viscosity is responsible for the free flowing behavior of all 5-FU-NEs (FU-NE1 to FU-NE9).

Determination of transmission (%) is very important to evaluate the clear behavior of the optimized-5-FU-NEs. All developed 5-FU-NEs (FU-NE1 to FU-NE9) showed the 92.67 ± 0.16--99.54 ± 0.04% transmission in the [Table 2](#t0010){ref-type="table"}. 5-FU-NE (FU-NE3) showed the highest %transmission (99.54 ± 0.04%) on the other side 5-FU-NE (FU-NE7) indicated the lowest value of %age transmission i.e. 92.67 ± 0.16%. All 5-FU-NEs indicated transparent nature of all nanoformulations. Finally, we have chosen 5-FU-NE (FU-NE3) on the basis of optimized globule-size, PDI, optimum-required-ZP, smallest viscosity and RI due to highest stable nanoformulation as reported before([@b0005], [@b0030], [@b0015], [@b0020], [@b0025]) and containing a greatest %age transmittance. Optimized 5-FU-NE (FU-NE3) was found −21.63 mV zeta potential ([Fig. 3](#f0015){ref-type="fig"}B). Oil globules agreed to a total amount of globule charge is due to the stability of nonionic surfactants ([@b0005]). Shape and their surface texture of 5-FU-NE were examined by SEM and TEM. 5-FU-NE (FU-NE3 showed the smooth and round surface analysed by SEM ([Fig. 3](#f0015){ref-type="fig"}C). The morphological behavior of Optimized-5-FU-NE (FU-NE3) was determined by TEM analysis. The surface morphology of globule and their size were determined by TEM analysis ([Fig. 3](#f0015){ref-type="fig"}D). 5-FU-NE3 exhibited all globule sizes in the range of nanometer by the TEM analysis ([Fig. 3](#f0015){ref-type="fig"}D). The globules sizes of 5-FU-NE3 exhibited spherical shape because of castor oil and Transcutol HP ([@b0005]). Therefore, on the basis of above characterization and results observation, our nanoemulsion (FU-NE3) fits to the further research studies.Fig. 3Distribution of 5-FU-NE is determined by dynamic light scattering techniques (A), zeta potential of 5-FU-NE (B), SEM images (C), and TEM images (D).

3.4. DSC analysis {#s0125}
-----------------

As per the COA, 5-FU showed in-between the range 282--283 °C melting point peak. An endothermic peak identified 282.50 °C for 5-FU by the DSC analysis ([Fig. 4](#f0020){ref-type="fig"}) and confirmed the crystalline nature of 5-FU. DSC of castor oil (a single line), Transcutol HP exhibited various peaks like 45.9 °C, 167.9 °C, 172.6 °C, 213.0 °C, and PEG-400 (36.8 °C, 263.7 °C, and 270.3 °C). Optimized-5-FU-NE (FU-NE3) has given three peaks for Transcutol HP and PEG-400 in the DSC thermogram. There was no peak for 5-FU in the Optimized-5-FU-NE (FU-NE3) DSC thermogram. Finally, it was concluded that 5-FU entirely entrapped inside the core of nanoemulsion. Carbopol showed the three major peaks (63.3 °C, 115.2 °C, and 146.9 °C). Finally, optimized-5-FU-NE-Gel showed various very small peaks for other ingredients like Transcutol HP, PEG-400, carbopol in the thermogram of DSC except 5-FU ([@b0020], [@b0005]).Fig. 4DSC-thermograms showed endothermic peaks of castor oil, 5-FU, Transcutol HP, PEG-400, 5-FU-NE, Carbopol and freeze dried optimized-5-FU-NE-Gel.

3.5. 5-FU-excipients interactions evaluation ATR-based FT-IR {#s0130}
------------------------------------------------------------

Pure 5--FU, castor oil, PEG-400, Transcutol HP, 5-FU-NE, and 5-FU-NE-Gel were evaluated through FT-IR as shown in the [Fig. 5](#f0025){ref-type="fig"}. Pure 5--FU, castor oil, PEG-400, Transcutol HP, 5-FU-NE, and 5-FU-NE-Gel were analysed by the ATR-based FT-IR spectroscopy. The surfaces of NE were evaluated through the ATR spectroscopy which can be used for both purposes qualitatively and quantitatively ([@b0285], [@b0025], [@b0030]). 5-FU exhibited their characteristic stretching band of ---NH at 3119.14 cm^−1^; other symmetric aromatic ring stretching at 1720.17 cm^−1^ (C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000O), 1640.30 cm^−1^ (C---N), 1242.73 cm^−1^ (C---F), and 1180 cm^−1^ (C---O) peak was showed. Transcutol HP was obtained the characteristics peaks at 3427.92, 2865.10, 1827.84, 1746.84, 1698.08, 1456.90, 1351.08, 1268.91, 1105.37, 1064.34, 940.17, 886.09, 838.65, 764.47, 650.14, and 564.52 cm^−1^. PEG-400 was found the characteristics peaks at 3450.23 (O---H), 2864.55 (C---H), 1458.11 (C---H bending), 1352.73(C---H bending), 1290.13 & 1093.84 (O---H & C---O---H streching), 942.20, 838.92, 764.31, 650.45, and 565.66 cm^−1^. Castor oil was obtained the characteristics peaks at3412.85 cm^−1^ (---OH stretching); 2924.23 cm^−1^ (---CH~2~ asymmetric stretching); 2853.96 cm^−1^ (---CH~2~ symmetric stretching); 1741.77 cm^−1^ (---CO); 1152.85 cm^−1^ (C---O---C). In the spectrum of 5-FU-NE, strong absorption bands at 3400.35, 2924.14, 2854.54, 1741.78, 1458.33, 1349.02, and 1099.15 cm^−1^ were clearly showed and it means the entrapment of 5-FU-NE in the nanoemulsion. Transcutol HP showed a peak due to the presence of OH-stretching with higher intensity for this peak as compared to 5-FU peak was partially recognized to the H~2~-bonding between 5-FU and Transcutol HP. 5-FU-NE attained all the distinctive peaks of NE. However, 5-FU-distinctive peak in the 5-FU-NE was not identified. ATR-FTIR spectroscopy was used to investigate the surface of NE. 5-FU-NE showed 5-FU entrapped inside the 5-FU. The amount of 5-FU is inconsequential to detect as compared to 5-FU-NE while a little quantity of 5-FU can be there on the surface of NE. At the end, it means there was no chemical reaction between 5-FU and other ingredients of the optimized-nanoformulation ([@b0285], [@b0005], [@b0125]). Now it is cleared that most of the amount of 5-FU is entrapped inside the core of the NE. We didn't find any types of isomerization product i.e. to stimulate the stability and biological activities of 5-FU. The Carbopol spectra exhibited one OH-stretching peak at the 2938.01 cm^−1^, a prominent CO peak at 1696.82 cm^−1^ and peaks at 1451.47 & 1412.87 cm^−1^ which indicated for the C---O and O---H functional groups. At last, COO of carboxylic acid in acrylate spectra showed a peak for carbopol 940 at 1636.41 cm^−1^ in 5-FU-NE-Gel nanoformulation ([Fig. 5](#f0025){ref-type="fig"}).Fig. 5Spectral analysis of ATR of castor oil, 5-FU, Transcutol HP, PEG-400, 5-FU-NE, Carbopol and freeze dried optimized-5-FU-NE-Gel.

3.6. *In vitro* 5-FU release studies {#s0135}
------------------------------------

The initial release of 5-FU-S 78.16% at 30.0 min and the end 100% released at 2.0 h ([Fig. 6](#f0030){ref-type="fig"}). 5-FU released 15.48 ± 2.88% and 30.55 ± 2.97% in 1.0 h which was an initial burst release from optimized-5-FU-NE and optimized-5-FU-NE-Gel after that maintained a sustained release in [Fig. 6](#f0030){ref-type="fig"}. At the end, 5-FU was released from optimized-5-FU-NE and optimized-5-FU-NE-Gel i.e. 65.48% and 80.13%. 5-FU burst was released initially from optimized-5-FU-NE and optimized-5-FU-NE-Gel due to the 5-FU eroded outer layer from the 5-FU-NE and 5-FU-NE-Gel. Finally, 5-FU-NE entrapped inside the core of the nanoemulsion and same is in gel nanoformulation ([@b0030], [@b0035]). For optimized-5-FU-NE-Gel, 5-FU released to fit in the various kinetics models that contain highest value for *R*^2^ was fit to the many high standard release model (*in vitro*) for 5-FU from 5-FU-NE-gel. The highest value fitted to Higuchi model i.e. *R*^2^ = 0.9794. The value of correlation coefficient (*R*^2^) was find out i.e. 0.9693 and after that zero order (*R*^2^ = 0.9451) followed by Korsmeyer--Peppas. The most important parameter i.e. initial burst release of 5-FU was observed a sustained release that is useful to achieve the highest concentration gradient participated in the successful transdermal delivery of 5-FU ([@b0030], [@b0035]).Fig. 6showed the %age-cumulative-release of 5-FU from 5-FU-NE and 5-FU-NE-Gel when it compared with pure 5-FU-S.

3.7. 5-FU permeation, retention and evaluations of their data by *ex vivo* {#s0140}
--------------------------------------------------------------------------

5-FU permeated through the cow, goat skin from ear pinna, and swiss albino rat skin (CGR Skins) different types of formulations *ex vivo* in the [Fig. 7](#f0035){ref-type="fig"}*.* 5-FU-NE-Gel showed the excellent delayed 5-FU permeation via the CGR skins. The permeation of 5-FU from 5-FU-NE-Gel nanoformulation for rat skin model was 1.25 times greater than the cow and goat skin model. The permeation of 5-FU from 5-FU-NE-Gel nanoformulation for rat skin model was 1.56 times higher than the 5-FU-NE and 12.51 times higher than the 5-FU-S for the cow and goat skin model. The permeation of 5-FU have not found significant difference between cow and goat skin model (*p* \> 0.5). However, there was evaluated a statistically significant in-between rat versus cow i.e. *p* \< 0.01 on the other side also found that rat versus goat skin model (p \< 0.01) for the permeation of 5-FU from 5-FU-NE-Gel. Permeability coefficient (K~p~), steady-state flux (J~ss~), and Enhancement Ratio calculated as represented in [Table 3](#t0015){ref-type="table"}. For the evaluation of mentioned parameters, 5-FU-S was selected as reference/control. Permeability coefficient and steady-state flux were significant in final opt-NE with their opt-NE-Gel followed by 5-FU-NE3 and 5-FU-NE3-Gel as compared to 5-FU-S (p \< 0.01 and p \< 0.001). Er showed to be maximum (8.58; 5-FU-NE3 and 10.34; 5-FU-NE-Gel) for goat skin compared with other optimized-nanoformulations. Jss and Kp values for 5-FU-NE3 and 5-FU-NE3-Gel were found to be highest for rat skin i.e. 10.345 ± 0.97 (5-FU-NE3); 12.0244 ± 1.12 (5-FU-NE3-Gel) µg/cm^2^/h and 1.0345 ± 0.061(5-FU-NE3); 1.2024 ± 0.073 (5-FU-NE3-Gel) µg × 10^--3^, respectively ([Table 3](#t0015){ref-type="table"}). Jss and Kp values for 5-FU-NE3-Gel were determined to be 12.0244 ± 1.12 µg/cm^2^/h and 1.2024 ± 0.073 µg × 10^--3^, respectively, which were also highly significant in comparison of 5-FU-S (P \< 0.001). The same results were also found with cow and goat skin when it compared to 5-FU-S in terms of the values of Jss and Kp i.e. highly significant. 5-FU-NE3 and 5-FU-NE3-Gel increased permeability parameters due to smallest viscosity, smallest droplet size, and optimum concentrations of castor oil, Transcutol-HP, and PEG-400. All the data related with 5-FU % permeation, accumulation into the SC and viable skin represented in [Fig. 11](#f0055){ref-type="fig"}. 5-FU concentration of permeation and partitioning showed into various compartment of the skins i.e. SC and viable skins. 5-FU is highly permeable for 5-FU-NE3-Gel for the cow skin model in place of retention in the skin. The retention of 5-FU evaluated into the SC and viable part of the various skins after 24.0 h ([Fig. 11](#f0055){ref-type="fig"}). On the basis of permeation results, we observed that highest amount of 5-FU collected in the viable part of the cow and goat skin model from 5-FU-NE3-Gel as compared to other preparations i.e., 5-FU-S and 5-FU-NE3 for rat skin model.Fig. 7showed a comparative *ex vivo* various skins (cow, goat, & rat) permeation study of 5-FU from 5-FU-NE and 5-FU-NE-Gel.Table 3Permeability Parameters of 5-FU on different animal skin (cow, goat, and rat).Steady-state flux (J~ss~)\
(µg/cm^2^/h)Permeability coefficient (K~P~)\
(µg × 10^--2^)Enhancement Ratio (Er)Skin Model5-FU-S (Control)5-FU-NE5-FU-NE-Gel5-FU-S (Control)5-FU-NE5-FU-NE-Gel5-FU-S (Control)5-FU-NE5-FU-NE-GelCow Skin0.957 ± 0.418.174 ± 0.639.851 ± 0.840.0957 ± 0.0030.8174 ± 0.0120.9851 ± 0.016--8.5410.29Goat Skin0.957 ± 0.408.212 ± 0.649.895 ± 0.850.0957 ± 0.0030.8212 ± 0.0130.9895 ± 0.018--8.5810.34Rat Skin1.350 ± 0.5510.345 ± 0.9712.0244 ± 1.120.1350 ± 0.0071.0345 ± 0.0611.2024 ± 0.073--7.668.91

3.8. UHPLC-MS/MS data analysis for 5-FU {#s0145}
---------------------------------------

The analytical method was developed and validated displayed in [Fig. 8](#f0040){ref-type="fig"} (MS spectra-scans of 5-FU), whereas representative chromatogram of 5-FU shown in [Fig. 8](#f0040){ref-type="fig"}C correspond with the retention time 1.710 min. Detailed description about in-house developed this method and their validation has been communicated into the another journal. Retention times of 0.736 and 2.185 min were observed for DDTC and 5-FU-DDTC complex, respectively ([Fig. 10](#f0050){ref-type="fig"}C). Preparation of reference standards have mentioned above in materials and methods. Mass spectrum of Diethyldithiocarbamate (DDTC)-MS-Scan and Sodium-Diethyldithiocarbamate (DDTC)-MS-Scan showed at protonated precursor \[M-H\]^--^ ions at *m*/*z* 147.27, and 170.21 \[[Fig. 10](#f0050){ref-type="fig"}A\]. After the producing the coordination complex reaction, it showed the MS-Scan of complex 5-FU with Diethyldithiocarbamate (DDTC)-MS-Scan and Sodium-Diethyldithiocarbamate (DDTC)-MS-Scan product ion at *m*/*z* 277.09 and 300.26 \[[Fig. 10](#f0050){ref-type="fig"}B\]. This mass spectra has been explained it's self, the DDTC--5-FU coordination complex formed ([Fig. 9](#f0045){ref-type="fig"}). In [Fig. 9](#f0045){ref-type="fig"}, 5-Fluorouracil formed two isomers keto (amide) and enol (imide) form by the process of tautomerism. 5-fluorouracil in enol (imide) ionization takes place and formation a coordination complex with sodium Diethyldithiocarbamate (*m*/*z* 300.26 in negative ion mode i.e. for molecular formula C~9~H~13~FN~3~O~2~S~2~.Na). Mass spectra was also showed *m*/*z* i.e. 277.09, it means, this mass is without the sodium. Therefore, this mass spectra ([Fig. 10](#f0050){ref-type="fig"}B) showed two major mass peaks i.e. 277.09 is for C~9~H~13~FN~3~O~2~S~2~ without the sodium and other one was *m*/*z* 300.26 is due to the formation of 5-FU- coordination complex with sodium.Fig. 8Mass spectrum of 5-FU-MS-Scan i.e. protonated precursor \[M-H\]^--^ ions at *m*/*z* 129 \[A\], 5-FU-MSMS-Scan fragmentation transitions i.e. major fragmented product ion at *m*/*z* 42 \[B\], and a chromatogram of UHPLC showing retention time 1.710 min.Fig. 95-FU-DDTC complex formation by Keto-enol mechanism.Fig. 10Mass spectrum of Diethyldithiocarbamate (DDTC)-MS-Scan and Sodium-Diethyldithiocarbamate (DDTC)-MS-Scan showed at protonated precursor \[M-H\]^--^ ions at *m*/*z* 147.27, and 170.21 \[A\], MS-Scan of complex 5-FU with Diethyldithiocarbamate (DDTC)-MS-Scan and Sodium-Diethyldithiocarbamate (DDTC)-MS-Scan product ion at *m*/*z* 277.09 and 300.26 \[B\], and a UHPLC chromatogram of showing retention time 0.736 and 2.185 min for DDTC chelating agent individual and DDTC--5-FU complex \[C\].Fig. 11%Age permeation of 5-FU and their retention of skin in stratum corneum (SC) and viable part of the skin *ex-vivo* from 5-FU, 5-FU-NE, and 5-FU-NE-Gel nanoformulation.

3.9. Stability studies on 5-FU-NE3 {#s0150}
----------------------------------

For stability studies, 5-FU-NE3 was chosen on the basis of smallest lowest globule size, smallest viscosity and maximum rate permeation in the different skin. Optimized 5-FU-NE3 nanoformulation characterized by viscosity, PDI, ZP, globule size, and RI for 3-months at 4.0 °C in the refrigerator temperature. There was no change in the viscosity, PDI, ZP, globule size, and RI was seen after storage in the 4.0 °C refrigerator temperature ([Table 4](#t0020){ref-type="table"}). The globule size and PDI were determined 68.09 ± 2.61 nm and 0.226 ± 0.028 after storage of 90 days. Though, ZP, RI, and were found to be 53.16 ± 3.28 cps, 1.381 ± 0.023 and --22.29 mV after storage of 90 days ([Table 4](#t0020){ref-type="table"}). Optimized-5-FU-NE3 was satisfactorily stable at refrigerator temperature as we found that no significant changes by physicochemical parameters.Table 4Stability studies on 5-FU-NE3 in terms of physicochemical parameters at refrigerator temperature.Time (Days)Globule size ± SD (nm)PDIZeta Potential (mV)RI ± SDViscosity ± SD (cps)% Transmittance066.97 ± 2.460.216 ± 0.020--21.631.362 ± 0.01252.31 ± 2.9899.54 ± 0.043067.09 ± 2.500.218 ± 0.021--21.981.370 ± 0.01652.91 ± 3.2999.03 ± 0.056067.54 ± 2.560.221 ± 0.024--22.231.377 ± 0.01953.01 ± 3.2098.99 ± 0.089068.09 ± 2.610.226 ± 0.028--22.291.381 ± 0.02353.16 ± 3.2898.80 ± 0.05

3.10. *Ex vivo* vesicle--skin interaction studies by fluorescence microscopy {#s0155}
----------------------------------------------------------------------------

5-FU-S, 5-FU-NE3 & 5-FU-NE3-Gel tested on the CGR-skins on the basis of visualization of 6-carboxyfluorescein hydrophilic dye. 5-FU-NE3-Gel were analysed as based on fluorescence that showed the highly intensed results in the inter-corneocytes spaces ([Fig. 12](#f0060){ref-type="fig"}). These results may be due to the colloidal semisolid nanoformulations which were identified and given us a localized and controlled drug delivery and also working as a 5-FU reservoir. We have analysed the morphology of the skin at the time of permeation studies (before & after). We observed the little bit alteration in the CGR-skins that showed the more microporous studies after permeation studies (Figures are not shown).Fig. 12Fluorescence micrographs of cow- and goat-ear pinna skin and rat skin treated with the formulation 5-FU-S (A) 5-FU-NE (B) 5-FU-NE-Gel (C). Different type of formulations labelled with hydrophilic fluorescence probe (6-carboxyfluorescein) to mark the penetration of the 5-FU to deep skin strata.

3.11. *In vitro* cell lines studies for opt-5-FU-NE-Gel {#s0160}
-------------------------------------------------------

5-FU-NE3 & 5-FU-NE3-Gel has been developed for the skin cancer chemoprevention. Both optimized-5-FU-NE3 & 5-FU-NE3-Gel have used to evaluate the *in vitro* therapeutic efficacy on the melanoma cancer cell lines (SK-MEL-5 type). Various molar concentrations of 5-FU from 5-FU-S, 5-FU-NE3 & 5-FU-NE3-Gel were used to evaluate *in vitro* cytotoxicity (%) by the melanoma cell lines. Different molar concentrations (3.2, 6.4, 12.8, 25.6, 51.2, and 102.4 µM) of 5-FU in free 5-FU-S, 5-FU-NE3, and 5-FU-NE3-Gel were also used to evaluate Cell survival (%) ([Fig. 13](#f0065){ref-type="fig"}). Free 5-FU-S showed no significant cell inhibition on melanoma cell lines ([Fig. 13](#f0065){ref-type="fig"}). The %age cytotoxicity was observed i.e. 4.98 ± 0.41 at concentration of 102.4 µM ([Table 5](#t0025){ref-type="table"}). Though, 102.4 µM 5-FU same concentration in optimized--5-FU-NE3, and 5-FU-NE3-Gel showed 61.75 ± 4.38% and 79.22 ± 5.04% cytotoxicity that was highly significant than free 5-FU-S (p \< 0.05 & p \< 0.01, respectively). 5-FU in the form of optimized--5-FU-NE3, and 5-FU-NE3-Gel were observed strongly effective and efficient than 5-FU-S on melanoma cell lines. Therefore, it means the highly potent therapeutic effectiveness of optimized--5-FU-NE3, and 5-FU-NE3-Gel for treatment of skin cancer. On the other side, the incubation of SK-MEL-5 cells with Placebo-nanoformulation (i.e. control, blank without 5-FU, NE-Gel) showed that not inhibit cells growth at better amount/numbers as represented in [Fig. 13](#f0065){ref-type="fig"}. Blank NE-Gel (control) showed negligible inhibition in the growth of cell that means no toxicity of optimized--NE-Gel. Optimized-5-FU-NE3-Gel was showed anticancer effects in the form cytotoxic effects due to the presence of 5-FU in 5-FU-NE3-Gel. 5-FU-NE3-Gel concentration showed 50% cell death (IC50) that has been measured through concentration dependent cell viability curve ([Fig. 13](#f0065){ref-type="fig"}). 5-FU-S has not showed any value for IC50 at predetermined concentrations due to absence or negligible results of cell growth inhibition from the 5-FU-S. On the other side, 5-FU IC50 value from the 5-FU-NE3-Gel showed i.e. 12.9 µM ([Table 5](#t0025){ref-type="table"}). On the basis of IC50 value, the 5-FU in 5-FU-NE3-Gel was observed highly efficacious than 5-FU-S that decrement of the 5-FU dose with adverse effects of 5-FU related with its oral drug delivery. Finally concluded, on the basis of observed results 5-FU-NE3-Gel showed could be effectively utilized topically as treatment of skin cancer.Fig. 13%Age-Cell viability (n = 3, SD, mean) of 5-FU in free 5-FU aqueous solution, control, and optimized-5-FU-NE, and 5-FU-NE-Gel nanoformulation on melanoma cell lines. Optimized--5-FU-NE3 (p \< 0.05) and 5-FU-NE3-Gel (p \< 0.01) were highly significant than free 5-FU-S.Table 5IC50 and % Cytotoxicity of free 5-FU, opt-5-FU-NE, 5-FU-NE-Gel, and control on melanoma cancer cell lines (n = 3).Cell Death (% ±SD)IC50Concentration (µM)5-FU-S5-FU-NE5-FU-NE-GelControl (NE-Gel: Placebo)5-FU5-FU-NE5-FU-NE-GelControl (NE-Gel: Placebo)000003.2--18.38 ± 0.933.92 ± 0.177.78 ± 0.870.28 ± 0.006.4--14.31 ± 0.799.61 ± 1.0222.51 ± 1.821.17 ± 0.0912.8--2.13 ± 0.2132.94 ± 1.9635.29 ± 2.072.81 ± 1.21NI25.312.9--25.61.03 ± 0.1833.27 ± 2.0954.97 ± 3.133.16 ± 1.2951.2--8.41 ± 0.8852.62 ± 2.9763.97 ± 4.144.61 ± 1.87102.44.98 ± 0.4161.75 ± 4.3879.22 ± 5.045.01 ± 1.91[^2]

Carbopol gel based 5-FU-NE3-Gel system can be responsible for the rate-limiting effect in the permeation of 5-FU from 5-FU-NE3-Gel. 5-FU-NE3-Gel absorbs water due to the presence of Carbopol that are linked with the relaxation of polymer chain and it was already entrapped inside the 5-FU-NE3 as proved by the DSC and ATR data in which gel offer the intramatrix space and sustained form through 5-FU released in a controlled manner over a long period of time. This is a best correlation in terms of permeation parameters between cow and goat skin model when it compared to rat skin model. It can be good similarities of skins based on structural and anatomical morphology of cow and goat skins. Additionally, it is very difficult to perform our research experiments on human skin. On the basis of previously reported literature ([@b0125], [@b0140], [@b0200], [@b0065]), the cow and goats skins are contained both epidermis and dermis with their characteristics features same like human skins. The skin of laboratory animals, for example, rat, mice, rabbits, guinea pigs etc. shows marked anatomic differences from human skin. Moreover, the skins of rats, mice, guinea pigs, rabbits etc., already showed the anatomic variability to the human skin. These mentioned animals exhibited very thin epidermis and the flat epidermal--dermal interface that does not contain ridges and papillary projections. It is very difficult to obtain an ethical approval for human skins and primate research. Therefore, we selected the cow and goat skins. These skins showed very close to human skins as per the morphologically and functionally reported data ([@b0140], [@b0200], [@b0065], [@b0080], [@b9015]).

Moreover, they lose dermal structures as comparatively human skin and also showed under-developed. Hence, most of the animal's skins showed a much weaker barrier as compared to the human skin. The retention of 5-FU enhanced from the 5-FU-NE3-Gel in SC and viable part of the skin exhibits the efficiency of the 5-FU-NE3-Gel prepared with the carbopol-940 gel base using with Transcutol HP and PEG-400 ([@b0205], [@b0145], [@b0100]).

A very high deposition of fluorescence probe in the deep skin layer from 5-FU-NE3-Gel can be believed due to the presence of carbopol. A cross-linked polymer i.e. carbopol formed a matrix-type reservoir at the time of gel formulation and their release of 5-FU slowly for an extended over the time period ([@b0130]). Entrapment of the lipid vesicles showed an intra-matrix system formed by carbopol gel which is responsible for the deposition of 5-FU/any drug in the deep skin layer. Carbopol based gel i.e. 5-FU-NE3-Gel was showed the results that increased the retention of 5-FU inside the skin. Therefore, it provided much more and controlled skin extent of 5-FU without any increasing the systemic absorption of 5-FU. These characteristic functional groups from the all absorption spectrum showed within the range. Therefore, 5-FU and all excipients are compatible to each other.

In general, the cytotoxicity is the most important test to evaluate the biocompatibility. Novel optimized nanoformulations (5-FU-NE3 and 5-FU-NE3-Gel) have been examined through *in vitro* methods and also to evade unnecessary sacrificing the animals. A novel 5-FU-NE-Gel is also evaluated for the cytotoxicity study i.e. the first-level examination prior to its application on biomedical processes. All the results signified enhances the lethality with the enhancement of 5-FU concentrations that indicates that it is a dose dependent effect. 5-FU-NE3-Gel enhanced the cytotoxicity by the increment of 5-FU cellular uptake by a novel 5-FU-NE3-Gel by the pathway of endocytosis that can be characteristic by targeted 5-FU delivery systems commonly. Hence we concluded that a very high amount of 5-FU concentration can be delivered inside the tumor cells via targeted drug delivery system. Thus, it is a best cytotoxic effects promotion ([@b9910]; [@b0180]).

4. Conclusion {#s0165}
=============

A nanoemulsion (5-FU-NE) has been optimized containing aqueous phase (including 10.0 mg 5-FU; 20.0% w/w); Transcutol-HP (27.0% w/w), PEG-400 (13.0% w/w) and Castor oil (40% w/w) on basis of smallest globule size, smallest PDI, optimum viscosity, optimized concentration of oil. After the conversion of 5-FU-NE into gel by the Carbopol 934, we found and compared the DSC, FT-IR, Release, and permeation results showed the highest and optimum accepted outcome with 5-FU-NE-Gel in comparison of 5-FU-NE for the further research studies. As per, 5-FU permeation and their localization of cow skin were quantitatively same as goat skin but it differ from rat skin. On the basis of results, localization of 5-FU from the 5-FU-NE-Gel was maximum quantity as compared to other two formulations in the viable skin and it was also observed less permeation which imitates the decreased in the systemic toxicity of 5-FU. Additionally, 5-FU-loaded-NE-gel improved the delivery of 5-FU to treat skin-cited melanoma cancer cells on the basis of *in vitro* cell lysis results. Optimized-5-FU-NE3-Gel showed the higher efficacy than 5-FU-S on the melanoma cancer cells as per the results of *in vitro* cytotoxicity assay. Finally, it is concluded that optimized-5-FU-NE3-Gel could be a great tool for the treatment and their chemoprevention of skin cancer. Although, all the data should be needed to examine human skin permeation data with the abnormal skin to develop a risk versus benefit ratio. Moreover, these data should be confirmed on the basis of preclinical and clinical studies.
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[^1]: PDI: Polydispersity Index, nm: nanometer, RI: Refractive Index, SD: Standard Deviation, mV: milli volt, cps: cycles per second.

[^2]: Not Identified (NI), The concentration at which 50% cell death (IC50).
